Background--Edema is present in many heart diseases, and differentiation between intracellular (ICW) and extracellular (ECW) myocardial water compartments would be clinically relevant. In this work we developed a magnetic resonance imaging-based method to differentiate ICW and ECW and applied it to analyze ischemia-reperfusion-induced edema.
M yocardial edema appears in many heart diseases and pathologic situations involving the heart: ischemic syndromes, [1] [2] [3] cardiac inflammation (myocarditis and graft rejection), 4, 5 and mechanical overload secondary to valve disease or arterial hypertension. 6, 7 Acute myocardial infarction and apical ballooning syndrome are characterized by significant myocardial edema in the ischemic [8] [9] [10] or transiently dyskinetic segments. 1, 11, 12 Literature suggests that intracellular myocardial edema may have a role in cardiomyocyte cell death, 13 myocardial stunning, 14, 15 and in the nonreflow phenomenon. [16] [17] [18] [19] On the other hand, laboratory experiments suggest that interstitial edema secondary to pressure overload may be related to the genesis of myocardial fibrosis, 20 and to be one of the underlying mechanisms of diastolic dysfunction. 21, 22 Magnetic resonance imaging (MRI) consists of measuring protons and their properties in a 3-dimensional space and turning the information into images. Heart MRI signal comes mainly from water protons; thus, it is the method of choice for the study of edema. T1 values have been used to measure extracellular volume, 23 but the method requires some assumptions, such as a dynamic steady state for gadolinium (Gd)-containing extracellular marker that may not be adequate in certain pathological circumstances. Edematous areas in the heart appear bright in T2-weighted images because the T2 relaxation time becomes longer.
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T2-weighted cardiac MRI is increasingly being used in clinical practice as a diagnostic tool and also to retrospectively evaluate the area at risk (myocardium that suffered ischemia during transient coronary occlusion) as a variable to normalize infarct size limitation as a primary end point in clinical trials of reperfusion injury. 24 However, using T2-weighted images is subject to limitations including acquisition timing dependence of the results 25 and influence of treatments as pre-, post-, or remote ischemic conditioning. Information regarding myocardial water distribution may shed light into the pathophysiology of various processes including reperfusion injury. However, current experimental methods to determine water distribution between intra-and extracellular tissue compartments are based on radionuclide labeling of macromolecules with suitable diffusion properties [8] [9] [10] that are difficult to translate to clinical practice.
In this study we devised a reliable method to determine myocardial water distribution using MRI, which could serve as a basis for the development of methods with clinical application, and applied it to investigate whether edema does contribute to cardiomyocyte death after ischemia-reperfusion (IR).
Methods Animals
All the experiments were carried out with male SpragueDawley rats weighting 300 to 350 g. Animals were cared for according to the European laws and to the instructions provided in the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). The experimental protocols were approved by the Animal Ethics Committee at "Vall d'Hebron Institut de Recerca."
In Situ Rat Heart Experiments
In situ experiments were performed in 4 animals. Anesthesia was induced with 5% isoflurane and maintained with isoflurane 2%. ECG and rectal temperature were continuously monitored during the experiment as well as appropriate anesthetic level. The jugular vein and the carotid artery were cannulated and a solution of gadobutrol 1 mmol/mL was perfused for 5 minutes at 0.35 lL/min per gram through the jugular vein. This perfusion rate was established in order to achieve a Gd plasma concentration between 1 and 10 mmol/ L, assuming a blood volume of around 50 to 70 mL/kg and cardiac output 121 mL/kg per minute and a volume of distribution in steady state of 0.20 L/kg. A blood sample from the carotid artery was obtained during the last 30 s of Gd-BT-DO3A perfusion, just before the excision of the heart. The removed heart was washed in NaCl 0.9% at 4°C.
Saline-Perfused Isolated Rat Heart Experiments
Animals were anesthetized with an intraperitoneal pentobarbital overdose injection (100 mg/kg). Once deep unconsciousness was achieved, hearts were removed by a subxiphoidal incision and thoracotomy. Hearts were washed in cold (4°C) saline solution (NaCl 0.9%) and hung at the cannula of a continuous perfusion system through the ascending aorta. Hearts were retrogradely perfused with continuously oxygenated buffer at 37°C. Flow was adjusted to obtain a perfusion pressure between 45 and 60 mm Hg. A balloon was allocated at the left ventricle chamber and inflated to achieve 8 to 12 mm Hg of telediastolic pressure. Left ventricle developed pressure and perfusion pressure were monitored throughout the experiment. 26 In order to evaluate the effects of different buffer osmolarities in water distribution during normoperfusion, we used 3 perfusion buffers with varying osmolarity to induce different patterns of water distribution between the intracellular and extracellular compartments. Control hearts (n=8) were perfused with Krebs-Henselheit buffer at 308 mOsm/L. Hyposmotic experiments (n=9) were conducted in low-NaCl to obtain an osmolarity of 248 mOsm/L, and mannitol (n=11) was added to obtain high osmolarity of 409 mOsm/L. In all cases pH was adjusted to 7.4 (see Table 1 for complete buffer composition).
In all cases, perfusion lasted for 40 minutes and during the last 5 minutes, Gd chelate (gadobutrol) was added to a final concentration of 1 mmol/L ( Figure 1A) ; it was previously checked that after 3.5 minutes the concentration of Gd in the effluent achieved steady-state (data not shown). Figure 1B shows the protocols designed to study the effects of edema in IR injury. The protocol included 30 minutes of perfusion (equilibration period) followed by 40 minutes of Mannitolischemia at 37°C (perfusion discontinuation) and 30 minutes of reperfusion. Three groups were analyzed: the control IR group with Krebs-Henselheit buffer (n=6), the blebbistatin-treated group (n=4), and the mannitol group (n=4). Blebbistatin prevents hypercontracture and cell death 27, 28 and it has been used in this protocol to maintain intra-and extracellular space integrity by avoiding membrane rupture; blebbistatin was added during the first 3 minutes of reperfusion. 27 Effluent samples were obtained during reperfusion to quantify infarct size by lactate-dehydrogenase (LDH) release. LDH is expressed as units 5 min À1 Ág À1 .
I-R Protocols in the Crystalloid Perfused Isolated Rat Heart

Measurement of Total Water Content
Once the hearts were removed from the perfusion system or, in the case of in situ experiments, washed in cold physiologic serum to remove excess blood, the surrounding excess water was carefully removed with the aid of a nylon membrane. Hearts were cut in 3 parts excluding the valve plane (apex and 2 symmetric sections of the basal portion, both containing similar amounts of right and left ventricle mass). Each portion was weighed and then freeze-dried overnight. After freezedrying, samples were weighed again in order to obtain the dry mass. The difference between the fresh and the dry mass provided total water content (TWC) of each sample. Freezedried samples were stored at À20°C until Gd extraction.
Extracellular Water Content Measurement
Freeze-dried samples were micronized inside an assay tube using a spatula. Once micronized, 1 mL of miliQ water was added to the sample, vortex-shook, and let stand for 10 minutes at room temperature. Afterwards the sample osmolarity: normosmotic Krebs-Henselheit (KH), hyposmotic low-NaCl modified KH and hyperosmotic mannitol modified KH. Gd was perfused during the last 5 minutes of perfusion. B, The perfusion protocols of the ischemia-reperfusion (IR) experiments: in all cases a 30-minute stabilization period preceded the 40 minutes of ischemia followed by 30 minutes of reperfusion. White bars correspond to Krebs Henselheit buffer; light gray, hyperosmotic buffer; dark gray to blebbistatin containing buffer and shadowed areas to gadolinium containing buffer. Samples for LDH quantification were taken during reperfusion. Blebbistatin was perfused during the first 3 minutes of reperfusion in the blebbistatin group. Hyperosmotic mannitol modified-KH buffer was perfused both during the stabilization period and reperfusion in the hyperosmotic IR group. In all cases 1 mmol/L Gd was added to the perfusion buffer during the last 5 minutes of reperfusion. LDH indicates lactate dehydrogenase.
was centrifuged at 2000g for 5 minutes and the supernatant containing Gd was recovered. Only the first extraction was used for the final analysis, after checking that further extracts did not provide additional information about Gd content. Gd concentration in the effluent was measured at the time of heart removal in each experiment. Gd measurement was based on the fact that Gd concentration proportionally shortens the spin-lattice relaxation time (T1). 29 To measure T1 in each sample, the extract was put into a 5-mm MR tube. Seven samples and 5 calibration line tubes (containing Gd at 0-0.5-0.6-0.8-1 mmol/mL) were allocated into the 40-mm MR coil for each measurement. Images were acquired in a vertical 9.4T magnet interfaced to a Bruker â (Madrid, Spain) Avance console. Sequence details: ET=4 ms, RT99 (6.000-4.000-3.000-2.000-1.000-500-250-125-62.5) ms, where ET is echo time and RT repetition time matrix: 2569256-pixel resolution in a 30930-mm window and slice thickness of 1.0 mm. For each sample, a region of interest at the center of the tube was obtained and the signal intensity was measured. This signal intensity was plotted against RT and fitted to an exponential function provided by Bruker software to obtain the T1 value. This function was used to calculate the concentration of Gd from measured T1 values.
In the case of the in situ experiments, Gd concentration in the animal serum was also analyzed. Arterial blood sample (0.3 mL) was obtained at the time of euthanizing and left to coagulate at room temperature. Afterwards the sample was centrifuged at 2000g for 10 minutes in order to obtain the serum, which was stored at À20°C until MR analysis.
MRI of Perfused and In Situ Hearts
In a separate set of experiments (n=4 for Krebs-Henselheit, hyposmotic, and hyperosmotic perfused groups), we measured T2, diffusion-weighted imaging, and proton-density values of rat hearts after saline perfusion without Gd. Nonperfused hearts (n=2) were removed from the animal and washed in cold physiologic serum before MRI measurements. T2 was measured with a spin-echo pulse sequence with a RT of 6000 ms and 16 echoes of 4 ms. Proton-density was defined as the voxel mean signal intensity of the first echo image obtained with a pulse-echo sequence with RT 10 000 ms and echo time of 4 ms and expressed as a percentage of the intensity of free water.
Diffusion-weighted images were acquired with a DtiEPI pulse sequence with ET set at 25 ms and RT at 3000 ms, and 7 b-values between 4 and 755 s/mm 2.
Infarct Size Measurement
In the isolated heart model, infarct size was estimated with the area under the curve of the LDH release during the reperfusion period as previously described. 30 
Edema Distribution Studies
In situ hearts contained 336AE5 mL water/100 g dry tissue, 257AE8 mL/100 g of it were intracellular and the remaining 79AE10 mL/100 g extracellular. Perfusion with Krebs-Henselheit buffer for 40 minutes induced edema (an increase of 19% of TWC) at the expense of extracellular myocardial water compartments (ECW) with preserved intracellular myocardial water compartments (ICW) content. In the normo-osmotic saline-perfused hearts, TWC was 406AE6 mL/100 g (P<0.001), ECW 152AE5 mL/100 g (P<0.01), and ICW 254AE7 mL/100 g (P=ns versus in situ hearts).
Perfusion with hyposmotic buffer induced an additional 9% increase of TWC because of an 18% increase of the intracellular water compartment: TWC 444AE2.6 mL/100 g (P<0.01), ECW 144AE5.6 mL/100 g (P=ns), and ICW 300AE5 mL/100 g (P<0.01). On the other hand, hyperosmotic perfusion decreased TWC by 10% at the expense solely of the ICW compartment (reduced by 26%): TWC 362AE4.4 mL/100 g (P<0.01), ECW 172AE6.5 mL/100 g (P=ns), and ICW 189AE5.3 mL/100 g (P<0.01), suggesting water redistribution from the ICW space to the interstitium. All saline-perfused groups showed a significant increase of ECW as compared to in vivo hearts (P<0.01) but did not show significant differences in ECW between them. Water content and distribution in the different groups is shown in Figure 2 and Table 2 .
Hearts subjected to IR showed a marked increase in TWC in comparison to nonischemic saline-perfused hearts. The Gddiffusible space (ECW) increased by 200 mL/100 g as compared to control perfused hearts; however, ICW was reduced after IR ( Figure 2B ). Total and extracellular water compartments showed a good linear correlation with the extent of cell death after IR injury measured as LDH release (r 2 =0.9485, P<0.01, and r 2 =0.8844, P<0.01, respectively) as shown in Figure 3 .
Preventing hypercontracture with blebbistatin markedly attenuated cell death induced by IR (LDH 353AE67 versus 65AE17, P<0.05) and edema (539AE18 versus 414AE4 mL/ 100 g, P<0.05) ( Table 2) . Likewise, reducing intracellular edema with the use of a hyperosmotic buffer prevented cell death (LDH 36AE15; P=ns versus control).
MRI of Perfused and In Situ Hearts
In a separate set of experiments, we obtained MR images of the in situ and saline-perfused hearts under different osmotic 
Discussion
In this work we presented a method based on extracellular space labeling using Gd that allows determination of water distribution in the myocardium. In this context, extracellular water is equivalent to the Gd diffusible space that includes intravascular and interstitial spaces. The method provided physiologically meaningful data on the effect of IR on intraand extracellular water distribution. Comparison of the results obtained with this method with MRI variables indicates that T2 correlated with EWC while total water content correlated with proton-density. Data presented here support the notion that intracellular edema may contribute to cardiomyocyte death during initial reperfusion. At present there is no "gold standard" to measure water content and distribution, but our measures based on Gdchelates in intact heart are in close agreement with previous work done using radionuclide-labeled compounds. 31 The results presented here for in situ experiments are in close agreement with the literature data showing ECW values between 69 and 112 (mean value 95) mL/100 g dry tissue and ICW between 263 and 278 (mean value 271) mL/100 g dry tissue. 31 TWC in Langendorff-perfused rat hearts ranged from 429 to 784 mL/100 g dry tissue; ECW from 175 to 603 (mean value of 374) mL/100 g dry tissue, and ICW ranged from 181 to 253 (mean value of 224) mL/100 g dry tissue. 31 The highest variability was found in ECW content. One of the reasons leading to this great variability could be the removal of the buffer surrounding the heart; we found that this step is crucial in obtaining accurate and reproducible results. Figure 4 . Ex-vivo images of rat hearts acquired with a RARE pulse sequence, TR 10 000 and TE 13 ms. A, Corresponds to a nonperfused heart, (B through D) to hearts perfused in the Langendorff system with hyperosmotic, normo-osmotic and hypo-osmotic buffers, respectively. Note that perfusion induces a high degree of edema. Hearts appear in black circles that correspond to plastic tubing used to center the organs. RARE indicates rapid acquisition with relaxation enhancement.
Early cell death during reperfusion occurs mainly through necrosis involving sarcolemmal rupture. 32 Our results show that intracellular space diminishes inversely proportional to IR injury, which is consistent with sarcolemmal rupture and intracellular space becoming accessible to Gd chelates. Prevention of cardiomyocyte death with myosin-actin inhibitors-both 2,3-butanedione monoxime 33, 34 and the more specific blebbistatin 28 -also prevented intracellular space from becoming extracellular, proving that, at least part, the increase of extracellular edema is due to sarcolemmal rupture and Gd chelates having access to that space. The contribution of reperfusion-induced cellular edema to cell death and myocardial infarct size was suggested over 2 decades ago 24 but has been a subject of controversy, 35 in part due to the lack of confirmation regarding the effects of hyperosmotic reperfusion on intra-and extracellular edema. In the present study we have been able to show that when ICW edema is selectively prevented with a hyperosmotic medium, sarcolemmal rupture and infarct size are reduced in isolated perfused hearts. The present findings clearly support a role for edema as a mechanism of cell death during IR injury.
Our ex-vivo imaging results showed a good correlation between T2 and, to a lesser extent, apparent diffusionweighted imaging coefficient, with extracellular water. Protondensity correlated with total water content, pointing towards the possibility of measuring myocardial water distribution through MRI and to the application of this method in patients.
Previous reports have described a correlation between T2 and total water content in IR models. 32, 36 After extensive myocardial infarction, cell membranes lose their integrity, and intra-and extracellular water compartments mix. In these circumstances T2 would also correlate with total water content. On the other hand, the present experimental approach does allow modifying water distribution and we are able to prevent cell membrane rupture; the increase in number of conditions studied allowed us to correlate T2 with extracellular water.
Conclusions
In conclusion, we describe a method to measure myocardial edema distribution using MRI based on the kinetics and Total water (ml/100 g dry tissue) Total water (ml/100 g dry tissue) Figure 5 . Correlation between MRI parameters and edema components (A) shows a good correlation between T2 and extracellular water while (B) shows that ECW does not correlate with proton-density. C, Corresponds to the correlation between proton-density and total water content and (D) is the correlation between proton-density and extracellular water. Black symbols correspond to in situ experiments, red to hypo-osmotic perfusion, white to normo-osmotic, and blue to hyper-osmotic perfusion protocols. Each point is the average of various experiments (n=4 each for MRI experiments, except for nonperfused group with n=2; n=4, 8, 9, 11 for in situ, control, hyposmotic, and hyperosmotic groups, respectively in the water content experiments; error bars show SE).
magnetic properties of Gd chelates. This technique may be very useful in preclinical studies and could serve as a basis for the development of methods for a better characterization of myocardial edema in clinical practice.
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